Since angiotensin increases the expression of plasminogen activator inhibitor (PAI), mechanisms associated with an actively functioning renin-angiotensin-aldosterone system can be expected to be associated with increased PAI-1 expression. These mechanisms are present not only in common conditions resulting in glomerulosclerosis associated with aging, diabetes or genetic mutations, but also in autoimmune disease (like scleroderma and lupus), radiation injury, cyclosporine toxicity, allograft nephropathy and ureteral obstruction. While the renin-angiotensin-aldosterone system and growth factors, such as transforming growth factor-beta (TGF-β), are almost always part of the process, there are rare experimental observations of PAI-1 expression without their interaction. Here we review the literature on PAI-1 and its role in vascular, fibrotic and oxidative injury as well as work suggesting potential areas of intervention in the pathogenesis of multiple disorders.
Introduction
We have followed a cohort of diabetic patients with end-stage renal disease treated with hemodialysis or transplantation in an effort to identify potential predictors of cardiovascular disease in this population. We reported in a prospective study that several markers of hemostasis, inflammation or oxidative stress were related to a past history of myocardial infarction, stroke or cardiovascular surgery [1] . This was in line with concepts first demonstrated by the Framingham Heart Study, which documented relationships between serum cholesterol and progression of cardiovascular disease [2] and a reproducible association of a prior history of cardiovascular events (CVE) with subsequent CVE, as well as reports about the usefulness of blood tests of hemostasis, inflammation or oxidative stress in predicting cardiovascular outcomes [3] .
After 13 years of follow-up in our cohort, however, neither the presence nor the absence of a prior history of CVE [4] or baseline blood test findings nor combinations of the two held up as predictors of subsequent CVE as long as data from all diabetic patients were treated as a single study group. When we analyzed differences between Type 1 (insulinopenic) and Type 2 (insulin-resistant) patients, we noted that event-free intervals in the Type 1 patient subgroup were significantly longer when PAI-1 levels were close to normal rather than low. Yet the type 2 diabetic patient subgroup had significantly longer event-free intervals if PAI-1 levels were close to the normal range rather than high. Thus it became clear that differences in event-free intervals for tertiles of PAI-1 would be mathematically canceled out when Type 1 data and Type 2 data are analyzed as a single group [5] .
In this review of the literature about PAI-1, we have sought a better understanding of the cardiovascular significance of these opposing divergences from normal and possible areas for further research.
Intensive insulin therapy or statin lowering and PAI-1
Among type 1 diabetic study subjects with albuminuria treated with angiotensin-converting enzyme (ACE) inhibitors, we found that an intensive insulin regimen reversed increased results for hemoglobin A1C, advanced glycation end-products and fibrinogen [6] and that very low levels of PAI-1 were raised to the normal range after 6 months. Low levels of PAI-1 in type 1 diabetic patients have also been reported by Agren and colleagues [7] . The increase in PAI-1 levels with intensive insulin therapy is generally supported by additional studies.
The pathophysiologic relationship between higher biomarker levels and progression of subclinical atherosclerosis in type 1 diabetes remains unclear due to the obesity epidemic that currently involves teenagers and young adults with type 1 diabetes. This is in contradistinction to the literature on type 2 diabetic populations for whom body mass and insulin resistance are generally high. Based upon these observations, we hypothesized that plasma PAI-1 concentration in individuals with little adipose and no insulin production might affect type 1 and type 2 diabetic populations differently.
Since the initial Framingham study, numerous investigators have demonstrated that cardiovascular risk lowering by statins [8] [9] [10] [11] and fibrates [12] [13] [14] [15] , alone or in combination [11] , is also associated with suppression of PAI-1 levels (Table 1) . On the other hand, supplementation with omega fatty acids, which reduces triglycerides, actually elevates PAI-1 and has not been demonstrated to reduce cardiovascular risk [29] .
The role of PAI-1 in angiogenesis and fibrosis A significant relationship of CVE with both high and low concentrations of PAI-1 [5] opened the possibility of other instances of seemingly counterintuitive observations with particular interest in mechanisms outside of fibrinolysis, such as angiogenesis/fibrosis. Devy and colleagues [40] studied growth of micro-vessels of the aortic ring in mice, finding that angiogenesis was promoted at physiologic PAI-1 levels but impaired with graded increases above normal concentrations. No vessel growth was noted for PAI-1 (−/−) animals.
Equally striking reports linking PAI-1 with mechanisms of fibrosis in the heart, kidney, liver, lung and skin have been reviewed by Ghosh and Vaughn [41] . PAI-1 appears to have controlling influences upon tissue plasminogen activator, urokinase plasminogen activator, plasmin and matrix metalloproteinase. Whereas deficiency of PAI-1 may protect most tissues from scarring during wound healing, the heart may experience fibrosis in the presence or absence of PAI-1.
PAI-1 in suppression of the insulin receptor
Additional links to mechanisms have been described by Bernot and associates [42] , who observed PAI-1 involvement in the suppression of the insulin receptor, which they suggest may be a part of the pathogenesis of type 2 diabetes. Another finding was suppression of ADAM 17, which involves a complex of PAI-1 with furin, a pro-protein convertase. Such studies have not been repeated in an insulinopenic model. The failure of ADAM 17 (a dimer and metalloproteinase with 17 thrombospondin repeats) to cleave large von Willebrand factor polymers is a key step in the initiation of intravascular coagulation that consumes platelets in certain hemolytic uremic syndromes [43] . Involvement of PAI-1 with suppression of ADAM 17 would be consistent with its pro-coagulant role in the inhibition of fibrinolysis.
Metabolic mechanisms interacting with PAI-1
The physiological impact of PAI-1 as drawn by Alessi and colleagues [35] begins with the proportional relationship between the mass of adipose tissue secreting PAI-1, its plasma concentration and the degree of inhibition of plasminogen activator in blood or urine. But nearly a decade later Liang and associates [44] refined thinking on these relationships by demonstrating inhibition of differentiation of adipocytes associated with overexpression of PAI-1 as well as enhanced differentiation of adipocytes with [30] , glyburide [30] ↓ Biguanides (metformin) [31] ↓ Thiazolidinediones (troglitazone [32] , rosiglitazone [33] , pioglitazone [34] )
↓ underexpression of PAI-1. In further studies Liang et al. [44] showed that PAI-1 (−/−) deficient mice increased efficiency of insulin uptake via the glucose transporter while higher amounts of PAI-1 had an inhibitory effect. Beir and Arteel [37] found an example of duality of mechanisms involving PAI-1 in a liver injury model, involving use of both alcohol and lipopolysaccharide. In the early stage of injury, PAI-1 was found to be protective through regeneration of hepatocytes injured by accumulated levels of toxic triglycerides. But in subsequent stages of steatohepatitis (inflammation/isolated fibrosis) and cirrhosis (connected fibrosis), PAI-1 was found to promote inflammation and to inhibit degradation of collagen complexes. PAI-1 was thus active both beneficially and pathologically following alcohol (Table 1) .
Two drugs with opposite effects on glycemia affect PAI-1 levels. Glucocorticoids and insulin increased output of PAI-1 from human adipose tissue in studies by Morange and associates [25] . Streptozotocin (active against the beta cell) was also associated with increased expression of PAI-1 in the experience of Tamura and colleagues [45] . In an important report from the Veterans' Administration Study by Koska and colleagues [46] , two groups were treated with insulin prescriptions that would be expected to increase expression of PAI-1 (standard versus intensive insulin). Despite significantly greater diminution of hemoglobin A1C and triglycerides in the intensive insulin group, cardiovascular outcomes were not significantly different between the two insulin groups. It is assumed that this diabetic study population is composed of Type 2 individuals.
The most common relationship of PAI-1 to triglyceride concentrations in type 2 diabetes is a parallel increase or decrease, depending upon experimental conditions. The Cardiovascular Risk in Young Finns Study demonstrated this relationship in work by Raiko and colleagues [47] . Nagi et al. [48] in a long-term study of the Pima Indians of Arizona found that despite increased consumption of fast-food diets, neither the prevalence of type 2 diabetes nor coronary artery disease was increased. In this population, levels of both PAI-1 and triglycerides were directly related to insulin resistance. Boberg and associates [29] observed that the trajectories of PAI-1 and triglycerides became divergent when type 2 diabetic study subjects were given 3 (omega) fatty acids, corresponding with a decrease in triglyceride level and an increase in PAI-1 concentrations. From this small cluster of reports, one could conclude that triglyceride and PAI-1 in type 2 diabetes usually run in parallel but may also move in opposite directions, depending upon the experimental conditions.
Vascular mechanisms interacting with PAI-1
Several experimental approaches to vascular injury have been used to explore relationships with PAI-1: balloon angioplasty [49] [50] [51] [52] ; ligation [53] ; inhibition of nitric oxide synthesis [23, [54] [55] [56] ; ferric chloride [57] [58] [59] and increased the expression of TGF-β [59] .
Replication of vascular injury using balloon angioplasty
A spectrum of associations with PAI-1 has been demonstrated. Hasenstab and colleagues [49] reported that the inhibitor of tissue plasminogen activator increased to a peak several days after angioplasty, with resolution to baseline by the end of the first week. These investigations identified smooth muscle cells of the medial layer to be stimulated to proliferation/migration in relation to the expression of PAI-1. Complex results involving balloon angioplasty injury to rat aortic endothelium occurred in a study by Hamden and colleagues [50] . Three hours after initial injury, a peak of PAI-1 levels was seen to be independent of angiotensin, but 4 days later there was an angiotensin-dependent peak of PAI-1. The initial injury was to mature endothelium while the second injury was to the neo-intima in the growth phase. So in these two studies the increased expression of PAI-1 would be anticipated to provide a prothrombotic milieu.
Tschopl et al. [51] used tests of hemostasis and inflammation to predict re-stenosis within 6 months of transluminal angioplasty. Elevated levels of fibrinogen and C-reactive protein at baseline were associated with re-stenosis after injury, but baseline PAI-1 levels were not. When wild-type rats are compared with PAI-deficient (−/−) rats after balloon injury to the carotid, increased neo-intimal healing was noted. In this study published by DeYoung and associates [52] , PAI-1 appeared to be associated with protection from re-stenosis via intimal healing. We can conclude that PAI-1 may be related to injury or to recovery, depending upon timing, location, concentration or relationship to angiotensin.
Replication of vascular injury using vascular ligation
Another mechanical force that has been used to pursue the role of PAI-1 in response to injury is the placement of a ligature effectively replicating occlusion. Results after ligation are similar to those of DeYoung and associates [52] after balloon angioplasty, in that normal concentrations of PAI-1 were associated with a healing result compared to that seen with the absence of PAI-1 in a state of vascular injury at risk for obstruction. An important role in vascular homeostasis at the site of arterial injury is played by vitronectin, which is present in atherosclerotic plaque and colocalizes with PAI-1 wherever there is vascular injury. Vitronectin stabilizes PAI-1 in its active conformation and mediates the binding of this inhibitor to fibrin clots. deWaard and associates [53] found that the complex of PAI-1 bound to vitronectin is capable of: inhibiting polymerization of fibrinogen to fibrin; inhibiting cleavage of fibrin to fibrin-split products by plasmin; and inhibiting the generation of new intima following injury. Thus inhibition of excessive smooth muscle proliferation after ligation seen in the wild-type mice was not found in PAI-1 (−/−) deficient mice.
Vascular injury and oxidation mechanisms
Inhibition of nitric oxide synthesis has been shown to be followed by thickening of the muscular layer of the aorta with fibrosis by Katoh and co-workers [54] , who exposed the Wistar-Kyoto rat to N (omega) nitro--arginine methyl ester (L-NAME) in a setting of angiotensin stimulation of both hypertension and enhanced expression of PAI-1. Use of an ACE inhibitor was found to eliminate both the hypertension and the excess expression of PAI-1 that were instrumental in the pathogenesis of vascular fibrosis. Kaikita et al. [55] and Boe et al. [56] from the Vaughn lab provided additional insight into the nitric oxide synthesis inhibition model, with data indicating that the absence or inhibition of PAI-1 would be sufficient to block both hypertension and vascular fibrosis/senescence. In a mouse model using inhibition of nitric acid synthase and high-salt diet, fibrosis of the kidney and heart was potentiated by aldosterone and PAI-1. Oestreicher et al. [23] reduced organ injury with spironolactone, which inhibited the increased expressions of aldosterone and PAI-1 that may be critical for the expression of fibrosis (Table 1) .
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and associates [57] [58] [59] to identify immediate versus later responses. Within the first hour after exposure to adventitial ferric chloride, thrombosis was associated with the anti-fibrinolysis function of PAI-1, followed 3 weeks later by an increase in tissue plasminogen contributing to a decrease in occlusive thrombosis.
Replication of vascular injury with transforming growth factor models
Overexpression of TGF-β leading to vascular injury has been studied in the mouse by Otsuka and colleagues [60] , using a carotid artery experimental preparation. Using wild-type and PAI-1 (−/−) deficient mice, they were able to demonstrate the dependence of TGF-β-induced vessel injury on the presence of PAI-1. Their model explored the rate of growth of the intima, the volume of matrix material accumulated, and patterns of cell proliferation/ migration following exposure to TGF-β.
Cardiac, pulmonary and renal fibrosis
Prolonged hypertension promotes overexpression of collagen fibrils with fibrosis and scarring as well as cardiomyocyte hypertrophy and cell death. There appears to be an interplay between PAI-1 and hypertension in the formation/modulation of cardiac fibrosis. Following increased hemodynamic stress and prior to the generation of fibrotic scars, an intermediate process of angiotensin-induced expression of both TGF-β and PAI-1 has been identified. As a result, some investigations [20] and reviews [61] of ACE inhibition or angiotensin receptor blockade indicate a specific anti-fibrotic outcome.
Banding of the aorta in rats has been used to observe the effect of high blood pressure on ventricular muscle anatomy and function. Doering and colleagues [62] demonstrated accumulation of collagen without injury to muscle in the first few weeks of hypertension, but in the second month collagen fibrils between hypertrophied muscle showed signs of stress injury (necrotic fibril disruption with edema). Pressure/volume measurements indicated stiffness during cardiac diastole. This same group (Weber et al. [63] ), using a non-human primate model, was able to identify three phases in the heart pathology. During the first month, type III collagen increased in the left ventricle with no sign of necrosis. After 35 weeks, thick strands of collagen (septae) were noted running through muscle, at which point the sub types of collagen were back in normal proportion. After 88 weeks, muscle necrosis was being repaired with fibrosis. Adaptive pressure/volume relationships were associated with lesser degrees of muscle necrosis/fibrosis. These studies by Doering et al. [62] and Weber et al. [63] were forerunners to a series of studies that found roles for the renin-angiotensin system [64, 65] , endothelin [66] and growth factors [60, [67] [68] [69] [70] in tissue injury/fibrosis, which eventually assigned a role for PAI-1.
Farivar and associates [64] used phenylephrine to generate cardiac hypertrophy in Wistar rats. Fibroblast proliferation was inhibited by both losartan and prazosin. In this model, the key contributor to heart failure was fibrosis. Linen and colleagues [65] found dose-dependent relationships between angiotensin and hypertrophied cardiac fibroblasts that could be blocked by telmisartan. Widyantoto et al. [66] used endothelin to demonstrate similar findings. Linen and colleagues [65] identified a step between angiotensin II and cardiac fibrosis to be the expression of tissue growth factor Beta.
Studies by Otsuka and associates [60] have also found TGF-β to be a stimulator of PAI-1 expression. Thus PAI-1 would be expected to be positively related to the generation of collagen from activated fibroblasts. Despite the fact that Otsuka [60] , Stempien-Otero et al. [67] and Liu et al. [68] [69] [70] have demonstrated connections between PAI-1 and growth factors for fibrosis, many research groups do not mention PAI in similar studies. Recent observations by Hu and colleagues [71] , with an editorial by Floege and Fliser [72] , have identified deficiency of the gene Klotho to be associated with high fibroblast growth factor 23 in a mouse model where both cardiac and renal fibrosis were associated with TGF-β1, angiotensin II and a high phosphate diet. Unfortunately there were no comments on interaction with PAI-1, and a recent review on the subject of cardiac muscle maladaptation to stress by Hill [73] does not include any mention of PAI-1. A thorough review relating PAI-1 to tissue injury secondary to fibrosis has been presented by Ghosh and Vaughn [41] . Table 1 lists medications that have an effect on the expression of PAI-1. Most are included in the text, but several were beyond the scope of the discussion. Drugs that directly address glycemia control include insulin, which increases the expression of PAI-1. On the other hand, metformin, glipizide, troglitazone, rosiglitazone and pioglitazone are associated with decreased expression of PAI-1. Several sulfonylurea drugs (chlorpropamide, glyburide, tolazamide, tolbutamide) increase PAI-1 expression. Agents for treatment of elevated lipids lower PAI-1 expression as do ACE inhibitors, angiotensin receptor blockers and beta-blockers. Figures 1 and 2 summarize the role of PAI-1 in vascular injury and fibrosis.
Summary and conclusions
PAI-1 expression promoted by TGF-β and the renin-angiotensin-aldosterone system has been noted in clinical conditions including nephrosclerosis of aging [74] , diabetic nephropathy [75] , focal sclerosis [76] , scleroderma [77] , radiation injury [78] , cyclosporine toxicity [79] and transplant allograft nephropathy [80] . The same phenomenon has been observed in experimental models: 5/6 nephrectomy [20] , protein overload [81] , salt and angiotensin exposure [82] , bleomycin-induced pulmonary sclerosis [83] , nitric oxide synthase inhibitor [84] , TGF-β overexpression [85] and unilateral ureteral obstruction [86] .
Our attempts to identify biomarkers that might help predict CVE in type 1 and type 2 diabetic patients noted significant increases in CVE in type 1 diabetics with low levels of PAI-1 compared to those with normal levels and in type 2 diabetics with high levels versus those with normal levels. This may be related to the degree of adiposity (low in type 1 diabetics, high in type 2 diabetics) and resulting plasma PAI-1 levels. The link between PAI-1 and aldosterone is clear in vascular injury and organ fibrosis, with a role demonstrated for renin/angiotensin/aldosterone blockers and inhibitors that goes beyond the hemodynamic effects.
Further studies are needed to assess the contribution of PAI-1 activity to inflammation, adiposity, circulating insulin level and vascular injury. More work is needed to understand the pathophysiologic mechanisms more clearly. Only then will we know whether levels of PAI-1 in type 1 and type 2 diabetes can be used to predict future CVE and whether we can somehow intervene in the process to prevent those events from occurring. Reduction of the risk of CVE by strict control of blood pressure, blood sugar and lipids has been demonstrated, while testing of PAI-1 levels has not been shown to improve healthcare outcomes. Recent studies have emphasized that genetic polymorphisms may underlie cardiovascular risks associated with PAI-1 in patients with type 2 diabetes undergoing hemodialysis [87] . Investigation of the interaction of PAI-1 with stress factors for aging-related dysfunction of the heart and kidneys could be a worthwhile further addition to our understanding of the role PAI-1 in health and disease.
